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Diffuse knapweed (Centaurea diffusa) is an introduced annual or short-lived 
perennial from Eurasia that has become a threat to native rangelands in the Pacific 
Northwest. Military training activities on the Yakima Training Center (YTC) increase 
the likelihood that knapweed will expand its range at YTC. This study, conducted in 
a major watershed at YTC, focused on: 1) how a variety of environmental variables 
influences knapweed distribution, 2) the use of Landsat Thematic Mapper (TM) 
imagery to map existing knapweed populations, and 3) the use of a logistic regression 
model and geographical information systems (GIS) to create a potential knapweed 
habitat map. 
Topographic and climatic factors had the greatest influence on knapweed 
distribution. K.napweed has a competitive advantage over those which may have 
some water stress due to increased temperatures (i.e., lower elevations and south 
slopes). Lower shrub density, greater percent bare ground, and lower percent 
perennial aerial cover also made for ideal knapweed habitat . Knapweed density 
decreased as slope steepness, pH, and percent rock cover increased. 
111 
Using TM imagery to define existing lmapweed populations was unsuccessful 
because most knapweed stands were less than 30 m X 30 m and had little effect on 
the TM image values. However, the TM imagery was useful in defining potential 
knapweed habitat along with other variables. Sixty percent of the Selah watershed 
has the potential to support knapweed. Approximately 68 % of the potential 
knapweed habitat was infested with knapweed. Denser patches (> 1 plant per m2) 
were limited to 21 % of the potential habitat. 
( 79 pages) 
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CHAPTER 1 
INTRODUCTION 
There are 26 species of introduced knapweeds (Centaurea spp.) in North 
America, 14 of which have been collected in Washington state (Piper G.L. 1987 
Grant proposal, Suppression of diffuse knapweed populations with exotic natural 
enemies on the Yakima Firing Center, Talbott 1987). The first recorded sighting of 
diffuse knapweed (Centaurea diffusa) in Washington was in 1907 at Bingen, and it 
was most likely introduced with Turkestan alfalfa (Medicago sativa) from the 
Caspian Sea region (Roche and Roche 1991). A 1987 survey reported that 170,800 
ha of eastern Washington had some degree of infestation of diffuse knapweed 
(Talbott 1987). Another 1987 survey estimated that 24,000 of the total 129,416 ha 
at the U.S. Army Yakima Training Center (YTC) in eastern Washington (Figure 1-1) 
were infested with diffuse knapweed and that knapweed had the ability to increase at 
an estimated rate of 5-10% per year (Andersen, Eric 1987, unpublished Yakima 
Tra~g Center 10 year knapweed control program). 
The impacts associated with knapweed invasion include: losses in livestock 
forage, wildlife habitat, and recreational value, and an increase in soil erosion 
(Talbott 1987). K.napweed invasion also lowers the ability of the land at YTC to 
support realistic military training activities. 
Three factors make knapweeds successful invaders on rangelands: 1) high 
competitive ability on disturbed sites, 2) high reproductive capability, and 3) absence 
Figure 1-1. General location of Yakima Training Center. Yakima Training Center general surface hydrology 
with the Selah drainage highlighted. · 
of natural enemies. Knapweed has been preadapted to tolerate repeated disturbances 
and can readily move into open disturbed sites (Talbott 1987), such as those created 
by wheeled and tracked vehicles at YTC. It possesses a deep tap root that can 
capture water inaccessible to most grasses during the summer dry period (Powell 
1990). Knapweed also has an extended growing period in comparison to most 
native grasses (Powell 1990). Knapweed is a semelparous perennial, having a 
flexible life cycle where flowering takes place only after the rosette stage has 
reached a certain size (Thomas and Stout 1991). This feature gives it an advantage 
over other plants in that it can stay in a rosette stage until conditions are right for 
reproduction . Another reason knapweed may be so competitive is that it releases 
phytotoxins into the soil which can suppress the establishment of other plants (Piper, 
G.L. 1987 Unpublished paper, Getting to the root of the problem - Diffuse 
knapweed biological control.) 
Knapweed seeds mature in August to September and seedling emergence 
occurs in April and May and sometimes in September through October (Eddleman 
and Romo 1986). A single plant can produce up to 1,000 seeds, and up to 85% of 
these can be viable (Strang et al. 1979). 
Seeds are dispersed when flowering stalks break off and tumble in the wind. 
The um-shaped flower heads do not open completely, allowing the seeds to fall out 
gradually as the flower stalk is moved across the landscape (Roche and Roche 
1991). Flower heads are also transported in animal fur. Knapweed can be spread 
by vehicles that catch the flower stalks and drag them for some distance. Roche 
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(1994) found 1,633 seeds on a pickup truck driven only 12 m through a patch of 
spotted knapweed (Centaurea maculosa). After the truck was driven an additional 
161 m at 40 kph, 510 seeds remained on the vehicle. It is expected that diffuse 
knapweed, a close relative to spotted knapweed, would have similar results. 
Knapweeds have no native biological enemies in North America. Two 
types of gall-forming seed head flies (Urophora a/finis, U. quadrifasciata), a moth 
(Pterolonche inspersa), and a beetle (Sphenoptera jugoslavica) have been imported 
from Eurasia and released in several areas of the Pacific Northwest (Piper, G.L. 
1987 Unpublished paper, Getting to the root of the problem - Diffuse knapweed 
biological control.). Approximately 25,000 Urophora flies and 3,500 Sphenoptera 
beetles were released at YTC in 1988. The effects of these bio-control agents on the 
knapweed populations at YTC are unknown at this time. It is estimated that it will 
take at least six biological control agents attacking various plant organs before a 
noticeable decline in knapweed numbers occurs (Piper, G.L. 1987 Unpublished 
pap·er, Getting to the root of the problem - Diffuse knapweed biological control.). 
The nature of use that occurs at YTC may promote the infestation of 
knapweed. Military tank traffic can cause an increase in alien plant species (Wilson 
1988). Military training activities usually occur in the same areas at YTC, causing 
disturbances that leave areas open to invasion by knapweed and other annuals. 
Generally, the vegetation at YTC has several paths for recovery after disturbance 
from military training activities. A brief disturbance without any following 
disturbance, such as a single pass by a vehicle, causes little change. As disturbance 
increases, vegetation moves from perennials towards a mixture of annuals and 
perennials. Regular disturbances, i.e, along roads and bivouac sites, turn into annual 
communities and occasionally knapweed-dominated communities. What happens to 
a site after a disturbance is dependent upon the type of site, its condition, and the 
type, intensity, frequency, and timing of the disturbance. 
Efforts to control the spread of knapweed have been immense in the Pacific 
Northwest. Besides the use of bio-control agents, herbicides (picloram) have been 
applied on rangelands to suppress populations of knapweed. Unfortunately, 
herbicide treatments only persist for 2 or 3 years, after which knapweed usually 
reestablishes itself. Other forms of control such as mowing, plowing, or hand 
pulling are ineffective on large populations. Remote sensing, photogrammetry, and 
geographical information systems (GIS) are tools that may aid knapweed 
management programs. 
Remote Sensing Photogrammetry and 
Geographical Information Systems 
Remote sensing and photogrammetry have been used extensively for 
vegetation mapping (Talbot and Markon 1986, Price et al. 1992, Fiorella and Ripple 
1993, Jensen and Mackey 1993). Everitt et al. (1987) used color infrared film 
positive transparencies to map populations of broom snakeweed (Gutierrezia 
sarothrae) and spiny aster (Aster spinosus). Their study showed that aerial 
photography could be used to map these two species at scales equal to or lower than 
1 :5,000. Only dense populations could be mapped at coarser resolutions . Dewey et 
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al. (1991) used satellite imagery to map potential habitat of dyers woad (/satis 
tinctoria). With the coarse resolution at which satellite imagery is collected (1 pixel 
= 30 m X 30 m for Thematic Mapper data), individual species have been impossible 
to map unless they exist as large patches or populations. 
The use of Geographical Information Systems (GIS), in conjunction with 
satellite imagery has increased the power and utilization of information that can be 
gained from remotely sensed data. Geographic information systems are specialized 
databases that contain spatial information. This information can be used to improve 
the accuracy of vegetation mapping from images by providing an avenue to build 
relationships with ancillary data such as elevation, slope, aspect, soils, land use, etc. 
(Satterwhite et al. 1985). 
Geographic information systems are also powerful in their ability to handle 
predictive modeling. Jensen et al. (1992) used GIS to predict the spread of cattails 
(Typha latifolia) and waterlilies (Nymphaea odorata) based on five environmental 
factors: 1) water depth, 2) water temperature, 3) water flow, 4) soil, and 5) location 
of current cattailfwaterlilly populations. Breininger et al. ( 1991) used a habitat 
mapping model and GIS to predict and map Florida scrub jay (Aphelocoma 
coerulescens) habitat. Fourteen variables were used in a GIS-based study of Mt. 
Graham red squirrel (Tamiasciurus hudsonicus) habitat (Pereira and Itami 1991). 
Use of both remote sensing and GIS can produce maps that show established 
populations of knapweed and the potential area for knapweed invasion. These 
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dynamic maps can be easily updated to show changes in plant populations and 
management practices such as the use of herbicides or biological control. Also , 
these maps can be used by land managers to target areas where management 
practices need to be modified. 
Objectives 
A knapweed management plan is being developed for the Selah watershed at 
YTC (Figure 1-1). A successful plan needs to be based on the ecology of diffuse 
knapweed , and the biophysical features and disturbance characteristics of the area . 
Thus , the objectives of this study are to: 1) characterize and model the ecological 
amplitude of diffuse knapweed , 2) develop an inventory of the existing diffuse 
knapweed stands , and 3) map potential diffuse knapweed habitat. 
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CHAPTER 2 
ECOLOGICAL AMPLITUDE OF DIFFUSE KNAPWEED (CENTAUREA 
DIFFUSA) AT THE YAKIMA TRAINING CENTER 
Abstract 
10 
Diffuse lmapweed (Centaurea diffusa) is an introduced annual or short-
lived perennial from Eurasia that has become a threat to rangelands in the Pacific 
Northwest. Successful control depends on an understanding of its ecological 
amplitude. This study focused on how topography , climate, soil, and vegetative 
characteristics influenced knapweed infestation on the U.S. Army Yakima Training 
Center (ITC) in eastern Washington. Topography and climatic factors had the 
greatest influence on lmapweed distribution . Knapweed has a competitive 
advantage on sites that have some water stress due to increased temperatures , i.e., 
lower elevations and south slopes. Lower shrub density, greater percent bare 
ground, and lower percent perennial aerial cover made for ideal lmapweed habitat . 
Knapweed density decreased as slope steepness, pH, and percent rock cover 
increased. 
Introduction 
Diffuse lmapweed (Centaurea diffusa), an introduced annual or short-lived 
perennial from Eurasia, has become a problem in many western states and Canada 
(Mass 1985). As lmapweed moves into an area, the ability of the land to support 
livestock grazing, wildlife habitat, and other uses decreases (Cranston 1985). Soil 
erosion increases as native bunch grasses are replaced by knapweed (French and 
Lacey 1983). 
11 
Knapweed invades after disturbance, and is found in large quantities along 
roads, railroads, and trails. Small disturbances such as rodent mounds and anthills 
also provide favorable habitats for knapweed to establish (Talbott 1987). After 
establishment, knapweed will spread by outcompeting native plants for available 
resources (French and Lacey 1983). 
Substantial amounts of resources have been committed to control 
knapweed. Knowledge of knapweed's ecological amplitude and potential habitat 
can aid in a more efficient use of those resources, as well as what types of 
management are needed to control current populations and protect land not 
infested with knapweed. 
Ecological amplitude is defined by the range of environmental conditions, 
whether biotic or abiotic, that a species can tolerate. Weeds, such as diffuse 
knapweed, usually have a very broad ecological amplitude. Knapweed's 
ecological amplitude was addressed in a general survey for Washington state 
(Talbott 1987). This study focuses on a more detailed assessment of its ecological 
amplitude across one watershed within the Yakima Training Center (YTC), where 
disturbances are created by a variety of military activities. 
Study Site 
Yakima Training Center is located 14 km northeast of the city of Yakima 
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in eastern Washington (see Figure 1-1). It is primarily used for Army and 
National Guard training. Military training exercises at YTC consist of dismounted 
(foot), motorized, mechanized, and armored infantry maneuvers. Live gunnery 
practice includes large-caliber tank, Bradley fighting vehicle, anti-tank missile 
firing, and mortar and howitzer gunnery (U.S. Army 1994). A 1994 
environmental impact analysis estimated that off-road maneuvering would increase 
from 10,000 km per year to approximately 153,200 km due to a change in military 
use from light infantry to mechanized or armored combat force (U.S. Army 1994). 
The Selah watershed, located near the cantonment area, has received and will 
continue to receive much of the training. The wide drainage bottom of the Selah 
watershed, with slopes less than 20%, makes it excellent for tank maneuvering . 
The environmental impact statement for YTC indicated that 65 % of the Selah 
watershed is primary maneuver area. The other 35 % has moderate to light use 
with a few "off limits" impact areas (U.S. Army 1994). 
The Selah watershed encompasses 23,167 ha in the southern portion of the 
129,416 ha installation (see Figure 1-1). The watershed is bordered by two east-
west running ridge lines , Yakima ridge to the south, and South Umtanum ridge to 
the north. Upper Selah creek is an intermittent stream while the lower portion 
flows all year. The soils in the watershed are aridic Argixerolls, aridic Durixerolls , 
lithic Argixerolls , and shallow xerollic Durargids. The area receives 225 to 300 
mm of annual precipitation, mostly in the fall and winter months. Mean annual 
maximum and minimum temperatures are 17.7 and -1.1 °C. Elevation ranges from 
300 m along the bottom of the drainage to 1,256 m at the highest point on South 
Umtanum ridge. 
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The native vegetation is dominated by bluebunch wheatgrass 
(Pseudoroegneria spicata) and Wyoming big sagebrush (Anemisia tridentata spp. 
wyomingensis) on alluvial fans with well developed soils. On ridges and benches, 
the dominant plant species are Sandberg bluegrass (Poa secunda) and stiff sage 
(Anemisia rigida). The typical invaders after disturbance are Russian thistle 
(Salsola iberica), diffuse lmapweed, tumble mustard (Sisymbrium altissimum), burr 
buttercup (Ranunculus testiculatus), clasping pepperweed (Lepidium perfoliatum), 
and downy brome (Bromus tectorum) . 
Cattle and sheep grazing were discontinued in 1995 due to changing 
management policies, but grazing has influenced plant communities in the past. 
Fire from military activities is a common occurrence across the watershed from 
June to September, and has greatly impacted the structure of plant communities by 
removing or decreasing the density of the shrub component. The drainage bottom 
is subject to disturbance from flash floods. 
Methods 
The occurrence of knapweed was related to four groups of variables: 1) 
topography (elevation, slope, and aspect), 2) soil (depth, texture, salinity, percent 
bare ground, and percent rock cover), 3) climate (rainfall, yearly average minimum 
temperature, and yearly average maximum temperature), and 4) vegetation (shrub 
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density, perennial aerial cover, and annual aerial cover) . Vegetation, topographic, 
and soils data were collected from land condition-trend analysis (LCTA) plots 
located across the watershed. The data from the plots were collected in 1994, in 
accordance with the standard LCTA methods (Tazik et al 1992). There are 72 
LCTA plots located in the Selah drainage . However, the actual number of plots 
used for analysis was based on the availability of the required data. 
Climate data were collected at 12 rain gauges and seven weather stations 
set up across the installation . The climate data were modeled so precipitation, 
yearly average minimum temperature, and yearly average maximum temperature 
could be calculated for each LCTA plot location (Appendix A). Precipitation data 
only include rainfall for 1994. Average maximum and minimum temperatures 
were based on 6 years of data. 
Plots were characterized by absence or presence of knapweed. On those 
plots that had knapweed infestations, density and visual appearance of knapweed 
plants were also recorded. Densities were estimated by placing a 1-m2 frame 25 
times on each side of the LCTA transect, for a total of 50 samples for each plot . 
Notes were taken at each transect on general stature and reproductive capabilities 
of knapweed plants. Any occurrence of chemical knapweed suppression in the 
area was also noted. 
Logistic regression was used to determine the contribution of each 
variable in describing knapweed habitat. Logistic regression determines a x2 value 
with an appropriate P-value (alpha level of 0.10). 
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Results 
One half of the 72 plots found in the Selah drainage were infested with 
knapweed. The logistic regression model revealed that average maximum 
temperature, average minimum temperature, slope, and elevation explained much 
of the distribution of knapweed (Table 2-1). Other important variables were 
precipitation , percent rock cover, percent bare ground, and shrub density (Table 2-
1). 
All topographic variables had significant x2 values (Table 2-2). Ninety 
percent of the total plots were found at elevations between 600-1000 m. Of these 
plots, 71 % were infested with knapweed. Eighty-six percent of knapweed-infested 
plots were found at elevations between 600-800 m. No knapweed-infested plots 
were found at elevations greater than 1,000 m or less than 600 m. Mean 
knapweed density was greatest at elevations between 600-800 m. 
Eighty percent of the LCT A plots were found on slopes less than 25 % 
(Taole 2-2). Of these, 65% had knapweed present . Seventy-six percent of 
knapweed-infested plots were found on slopes less than 15%. Density of 
knapweed decreased on plots with slopes greater than 15%. 
Most of the LCT A plots were located on north- and south-tending aspects, 
due to the dominant east-west running ridge lines that define the Selah drainage 
(Table 2-2). Several plots were located on east-facing hillslopes in the western 
part of the drainage, but no LCT A plots were established on west or northeast 
aspects within the drainage. The majority of plots on northwest, south, and 
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TABLE 2-1. Study variables with the logistic x2 and P-values ( ex = 0.10). 
Variables x2 P-Value 
Topography 
Elevation 12.26* .000462 
Slope 12.48* .000411 
Aspect 3.79* .051484 
Climate 
Precipitation 8.27* .004033 
Average Low Temperature 12.55* .000396 
Average High Temperature 22.38* .000002 
Soil 
Depth 3.83* .050278 
Texture .92 .336552 
pH 1.89 .169701 
Percent Bare Ground 6.82* .009014 
Percent Rock Cover 7.77* .005321 
Vegetation 
Shrub density 6.99* .008206 
Percent Aerial Perennial Cover 2.45 .117701 
Percent Aerial Annual Cover 1.34 .247760 
(*=significant) 
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TABLE 2-2. Topographic variables (elevation, slope, and aspect) influencing 
diffuse lmapweed distribution and density in the Selah 
watershed. Total number of LCTA plots, number of LCT A 
plots infested with lmapweed, and lmapweed density (mean( x) 
± standard deviation), and minimum and maximum in 
infested plots. 
Topographic Characteristics 
Total Num. Knapweed Density (m2) 
Variables Num. of 
of Knap-
Plots weed x ± St. Dev. Min Max 
Plots 
Elevation (m) 
< 600 3 0 NA NA NA 
600-800 42 30 1.742 ± 2.22 0 7.74 
800-1000 23 5 1.215 ± 1.22 0 2.46 
>1000 0 0 NA NA NA 
Slope (%) 
0-5 8 5 1.840 ± 1.73 0.1 4.32 
6-10 12 8 2.138 ± 2.68 0.1 7.74 
11-15 21 13 2.378 ± 2.36 0.2 7.48 
16-20 7 3 0.020 ± 0.00 0 0.04 
21-25 9 3 0.210 ± 0.27 0 0.4 
>26 14 2 0.570 ± 0.24 0.4 0.74 
Aspect 
North 12 1 0.880 ± 0.00 0.9 0.88 
Northwest 4 3 1.820 ± 2.26 0 4.36 
Southwest 7 0 NA NA NA 
South 11 6 0.977 ± 1.03 0 2.46 
Southeast 20 16 1.988 ± 2.68 0 7.74 
East 18 7 1.628 ± 1.35 0.4 3.82 
southeast aspects were infested with knapweed (Table 2-2). Knapweed 
density was greatest on southeast-facing aspects. 
All the climatic characteristics had significant x2 values (Table 2-1). 
Precipitation had the lowest x2 of all climatic variables . Precipitation 
amounts for 1994 were lower than the long-term average of 255-300 mm for 
the Selah watershed . Seventy-four percent of the LCTA plots received less 
than 108 mm of precipitation (Table 2-3). Of these, 58% were infested with 
knapweed. Knapweed density was greatest at the 84-108 mm precipitation 
range . 
Eighty-two percent of the LCTA plots were located in areas with an 
annual average minimum temperature range of 2.7-5.6 °C (Table 2-3) . Of 
these, 62 % were knapweed infested. No knapweed-infested plots were found 
in areas with an average minimum temperature below 2.7 °C or above 5.6°C. 
The highest density of knapweed occurred in infested plots found in areas 
with· average annual minimum temperatures ranging between 3.8 and 5.6 °C. 
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Eighty-six percent of the LCT A plots were located in areas with an 
average annual maximum temperature range of 14.4 -18.9 °C (Table 2-3). Of 
these, 56% were infested with knapweed. No knapweed-infested plots were 
found in areas with an average maximum temperature below 14.4 °C. 
Knapweed density was greatest in areas with an average annual maximum 
temperature range of 16.7-18.9 °C. 
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TABLE 2-3. Climatic variables (precipitation, average minimum temperature, 
and average maximum temperature) influencing diffuse 
knapweed distribution and density in the Selah watershed . Total 
number of LCT A plots, number of LCT A plots infested with 
knapweed , and knapweed density (mean( x) ± standard 
deviation) , and minimum and maximum in infested plots . 
Variables 
Precipitation 
< 84 
84-108 
108-132 
>132 
M . T (°C) m. emp. 
< 2.7 
2.7-3.8 
3.8-5.6 
> 5.6 
Max. Temp. (0 C) 
<14.4 
14.4-16.7 
16.7-18.9 
Climatic Characteristics 
Total Number 
Number of 
of Knapweed 
Plots Plots 
23 
30 
15 
4 
11 
18 
41 
2 
10 
40 
22 
14 
17 
4 
0 
0 
14 
30 
0 
0 
17 
18 
Knapweed Density (m2) 
x ± St. Min Max 
Dev. 
0.965 ± 1.51 0.02 4.32 
2.296 ± 2.44 0.01 7.74 
0.933 ± 1.33 0.02 2.46 
NA NA NA 
NA NA NA 
1.215 ± 1.22 0.02 2.46 
1.742 ± 2.22 0.01 7.74 
NA NA NA 
NA NA NA 
1.261 ± 1.43 0.01 2.46 
2.084 ± 2.61 0.04 7.74 
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Soil characteristics varied in their noticeable effect on knapweed 
distribution and density. Seventy-one percent of the LCTA plots were located 
in areas with soil depths greater than 51 cm (Table 2-4). Of these, over half 
were infested with knapweed. No knapweed-infested plots were found on 
soils with a depth less than 30 cm. Only 43% of the 14 LCTA plots on soils 
ranging in depth from 30-51 cm were knapweed infested. Mean densities 
were similar across all soil depth ranges that had knapweed. 
Soil texture data were missing for 20 of the LCT A plots, and many of 
these plots (15) were knapweed infested (Table 2-4). Half of the remaining 
LCT A plots were located on areas with loamy soils. Of these, 48 % had 
knapweed present . However , the greatest density as well as the greatest 
percentage of knapweed-infested plots occurred on sandy loam soils. 
Greater than three quarters of the LCTA plots fell in areas with soil 
pH less than 7.8 (Table 2-4). Of these, 45% were knapweed-infested. No 
knapweed-infested plots were located on soils with pH greater than 8.5. 
Knapweed density increased as pH decreased . 
Seventy percent of LCTA plots were located in areas with 16-48 % 
bare ground (Table 2-4). Of these, over half were knapweed infested. Mean 
density remained constant through all areas. 
There is a relationship between soil depth, percentage of bare ground, 
and the percentage of LCTA plots infested with knapweed (Figure 2-1). As 
percentage of bare ground increases, so does the percentage of knapweed 
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TABLE 2-4. Soil variables ( depth, texture, pH, percent bare ground, percent 
rock cover) influencing diffuse knapweed distribution and 
density in the Selah watershed. Total number of LCTA plots, 
number of LCT A plots infested with knapweed, and knapweed 
density (mean( x) ± standard deviation), and minimum and 
maximum in infested plots. 
Soil Characteristics 
Variables Total Number Knapweed Density (m2) 
Number of 
of Plots Knap-
weed x ±St.Dev. Min Max 
Plots 
Depth (cm) 
< 30 7 0 NA NA NA 
30-51 14 6 1.673 ± 1.96 0.04 4.36 
51-152 25 16 1.768 ± 2.11 0.08 7.48 
>152 26 13 1.558 ± 2.36 0.01 7.74 
Texture 
Loam 27 13 0.969 ± 1.27 0.02 3.82 
Sandy 3 1 0.840 ± 0.00 0.84 0.84 
Clay 3 0 NA NA NA 
Silt Loam 10 1 4.320 ± 0.00 4.32 4.32 
Sandy 9 5 2.632 ± 2.90 0.01 7.48 
pH 
6.6-7.3 36 14 2.163 ± 2.92 0.02 7.74 
7.4-7.8 24 13 1.510 ± 1.42 0.10 4.32 
7.9-8.4 10 8 1.137 ± 1.29 0.01 3.82 
8.5-9.0 2 0 NA NA NA 
Bare Grnd. 
<16 15 2 1.450 ± 1.42 0.44 2.46 
16-32 30 16 1.490 ± 2.56 0.01 7.48 
32-48 20 12 1.410 ± 1.45 0.16 4.32 
48-64 6 4 3.060 ± 3.29 0.04 7.74 
Rock 
<4 48 28 1.871 ± 2.28 0.02 7.74 
4-18 9 5 1.344 ± 1.49 0.04 3.62 
18-32 6 1 0.040 ± 0.00 0.04 0.04 
> 32 5 0 NA NA NA 
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Figure 2-1. Percentage of Irnapweed-infested plots in relation to percentage bare ground and soil depth . 
N 
N 
infested plots, except where soil depth is less than 30 cm. On deeper soils 
(greater than 51 cm), the percentage of knapweed infested plots increased on 
areas with lower percentage of bare ground . 
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Seventy-one percent of the LCT A plots were located in areas with 
rock cover less than 4% (Table 2-4). Of LCTA plots that were in areas with 
less than 4 % rock cover, over half were knapweed infested . A small 
percentage of knapweed-infested plots were found above 4 % rock ground 
cover . Density of knapweed decreased as rock cover increased . 
The x2 distributions were not significant for annual aerial cover and 
perennial aerial cover. However , the distribution of the knapweed-infested 
plots may have contributed to the lack of significance . Sixty-three percent of 
knapweed-infested plots were located in areas with annual aerial cover of less 
than 28%, but greater than 4% (Table 2-5). This range of annual aerial 
cover also had the greatest knapweed density . 
Knapweed-infested plots occurred over a broad range of perennial 
aerial cover (4 to 76%), but were dominant when perennial aerial cover was 
28 to 52% (Table 2-5). Knapweed density was greatest on areas with 4 to 
28 % perennial aerial cover. 
Seventy-two percent of the LCTA plots were found with shrub 
densities less than .5 m2; of these, 56% were infested with knapweed (Table 
2-5). Knapweed-infested plots were found in areas with shrub densities less 
than 1 m2• Mean knapweed density was greatest on plots with no shrubs. 
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TABLE 2-5. Vegetation variables (percent annual aerial cover, percent 
perennial aerial cover, and shrub density) influencing diffuse 
knapweed distribution and density in the Selah watershed. Total 
number of LCT A plots, number of LCT A plots infested with 
knapweed, and knapweed density (mean(x) ± standard 
deviation), and minimum and maximum in infested plots. 
Vegetation Characteristics 
Total Number Knapweed Density (m2) 
Variables Number of 
of Plots Knap-
weed x ±St.Dev. Min Max 
Plots 
Annual 
<4 40 12 0.352 ± 0.40 0.04 1.10 
4-28 28 21 2.440 ± 2.34 0.02 7.74 
28-52 2 1 2.460 ± 0.00 2.46 2.46 
>52 1 0 NA NA NA 
Perennial 
<4 1 0 NA NA NA 
4-28 12 6 4.277 ± 2.96 0.04 7.74 
28-52 31 18 0.956 ± 1.19 0.02 4.36 
52-76 22 10 1.314 ± 1.35 0.08 3.82 
> 76 5 0 NA NA NA 
Shrub 
0 13 6 1.815 ± 1.87 0.04 4.36 
.01-.5 42 25 1.650 ± 2.25 0.01 7.74 
.51-1.0 7 3 1.660 ± 1.16 0.84 2.48 
1.01- 7 0 NA NA NA 
> 3 1 NA NA NA 
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Discussion 
Topographic and climate variables had the greatest influence on 
knapweed presence or absence , as determined by logistic regression. These 
two categories of variables are inseparable because climate data are 
influenced by elevation , slope, and aspect (Appendix A). At YTC, a decrease 
in elevation results in slightly higher minimum and maximum temperatures , 
and lower precipitation amounts . South-facing slopes, where the percentage 
of knapweed-infested plots was highest, have greater exposure to the sun and 
consequentiall y greater water loss . Knapweed-infested plots were found at 
locations where water stress could occur during the summer dry period , i.e., 
south slopes, lower elevations , and higher maximum temperatures values . 
This may reflect a competitive strategy that knapweed has over native plants 
when it comes to dealing with heat and moisture stress. Knapweed develops 
large taproots during fall or early spring when moisture is available . By the 
time the summer dry period begins , knapweed has a root system that can 
capture water at depths inaccessible to other plants (Powell 1990). 
Knapweed's leaf surface structure also changes under water stress conditions, 
by increasing microscopic hair-like structures that help the plant to reduce 
moisture loss (Upadhyaya and Furness 1994). 
Talbott (1987), in a survey of eastern Washington, found knapweed 
on all slopes, aspects, and elevations from sea level to 1524 m. However, the 
competitive advantage for knapweed occurred on most aspects except north, 
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slopes less than 5%, and elevations between 230-762 m (Talbott 1987). 
Knapweed at YTC follows a similar pattern. The greatest percentage of plots 
infested with knapweed was found on southern aspects , slopes under 15%, 
and elevations between 600-800 m. 
Although disturbance was not addressed specifically in this study, 
variables such as slope, elevation, percent annual aerial cover, percent 
perennial aerial cover, percent bare ground, and shrub densities reflect 
disturbances. Military vehicle activity is limited on slopes greater than 20%, 
and is concentrated on slopes less than 5% (U.S. Army 1994). The extensive 
road and trail network is generally found on slopes of less than 15 % . 
Additionally, the network of roads and trails is clustered on the wide bottom 
of Selah drainage that ranges in elevation from 600-800 m. Roadside 
concentrations of knapweed are prime sites for knapweed dispersal (Roche 
and Roche 1988). The greatest density of knapweed, as well as the largest 
knapweed plants (larger in stature and reproductive capability), was located 
along roads and trails of the Selah watershed (Downs et al. 1994). Vehicles 
passing through knapweed-infested areas pick up the flowering stalks and 
transport seeds to other areas (French and Lacey 1983). The bare roads or 
trails also provide an unrestricted pathway for wind dispersal of seeds. 
Because annuals are often the first to invade after a disturbance, it 
would be expected that in areas where disturbance has occurred, the 
percentage of annuals on knapweed-infested plots would be higher than on 
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lmapweed-free plots (Hironaka 1990). The study did not show this. One 
reason may be that 1994 was a below-normal precipitation year, which may 
have greatly reduced the annual cover. Another reason may be that annuals 
tie up the resources enough to keep lmapweed out of the area. However, 
downy brome has been shown to be suppressed or replaced by later maturing 
spring forbs such as yellow star thistle (Centaurea solstitialis), and other 
lmapweeds (Hironaka 1990). Thus, annuals would decrease as lmapweeds 
increased . 
Perennial s can suppress or reduce the likelihood of lmapweed seedling 
establishment by shading the soil surface and outcompeting seedlings for 
water and mineral resources (Talbott 1987). Openings created by disturbances 
leave the area susceptible to lmapweed encroachment. This possibility for 
lmapweed encroachment increases if the area is near large populations of 
established lmapweed plants and the soil is deep (>51 cm). Much of the 
shrub density within the Selah watershed has been reduced by fire and/or 
vehicle activity , and on areas where substantial shrub populations still exist, 
there is very little encroachment of lmapweed. A high percentage of 
perennial cover does not mean that lmapweed will be excluded from the area, 
as the data show (lmapweed-infested plots were found in areas with perennial 
cover up to 76%). This is also supported by the findings of French and 
Lacey (1983), Talbott (1987), and Roche and Roche (1991). However, 
lmapweed density on higher perennial cover areas is reduced. North slopes, 
which have a high percentage of perennial aerial cover, and receive more 
moisture, did not have knapweed-infested plots. 
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Disturbances at YTC that increase bare ground are vehicle 
maneuvering, fire, and livestock grazing, and on a smaller scale, runoff, death 
of larger plants, and rodent activity. If these disturbances occur on deeper 
soils, then knapweed will more likely increase than on shallower soil types 
with the same disturbances. 
The effects of soil texture on knapweed infestations in this study were 
inconclusive, but seem to support the observation that knapweed does well in 
silt loam and sandy loam types (Talbott 1987). Decreases in knapweed 
infestations as the percentage of rock cover increases support the observation 
that knapweed is less competitive on coarser textures (Talbott 1987). Soil pH 
data also did not show any significance, yet there was a trend of decreasing 
knapweed density as soil pH increased. Popova ( 1960) and Talbott ( 1987) 
both· stated that knapweed densities decreased as soil pH increased. 
Disturbance is a key factor in the dispersion of knapweed across a 
landscape (Maddox 1982). This study showed how disturbances are related to 
several topographic, soil, climatic, and vegetation variables and how they 
affect knapweed dispersal in the Selah watershed. Knapweed was most 
abundant on deeper soils, with lower pH values, on southern-facing slopes 
less than 15%, where disturbance has reduced perennial species. 
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CHAPTER 3 
PREDICTION OF CENTAUREA DIFFUSA HABITAT AT THE 
YAKIMA TRAINING CENTER USING TM IMAGERY AND GIS 
ABSTRACT 
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Military training activities increase the likelihood of knapweed (Centaurea 
diffusa) expanding its range. A single watershed at the Yakima Training 
Center (YTC) in eastern Washington was surveyed for present knapweed 
populations . Forty-seven percent of the watershed was infested with 
knapweed. The heavier infestation sites (knapweed density > 1 m2) only 
occupied 15 % of the watershed . Using TM imagery to delineate knapweed 
populations was unsuccessful because most knapweed stands were less than 
30 m2 and did not affect the TM image values. A logistic regression model, 
using seven environmental variables in a geographic information system, was 
used to create a potential knapweed habitat map. Sixty percent of the 
watershed had the potential to support knapweed. About 68 % of the potential 
knapweed habitat was knapweed infested. Heavier infestations of knapweed 
were limited to 21 % of the potential habitat . 
Introduction 
Diffuse knapweed (Centaurea diffusa) is a noxious weed on rangelands in 
the Pacific Northwest. It interferes with management objectives, and is 
difficult to control. As knapweed moves into an area, the ability of the land 
to support livestock grazing, wildlife habitat, and other uses decrease 
(Cranston 1985). Soil erosion increases as native plants are replaced by 
knapweed (French and Lacey 1983). 
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Approximately 24,000 ha (23 % ) of the Yakima Training Center (YTC) in 
eastern Washington are infested with knapweed (Andersen 1987). Knapweed 
readily spreads by disturbance created by tracked and wheeled vehicles, as has 
been shown for other alien plant species on other military training areas 
(Wilson 1988). Knapweed seed is spread by vehicles when the flowering 
stalks are caught on the vehicle and dragged for great distances. Seed heads 
are partially closed, which allows seeds to be distributed gradually by the 
vehicles (Roche and Roche 1991). 
Yakima Training Center has limited funding for the control of knapweed. 
Thus, funding that is available must be efficiently used to curb the spread of 
knapweed. Effective management of weed populations requires: 1) accurate 
weed inventories, 2) selection and application of weed control and 
management designs, and 3) follow-up management (Lacey 1991). Remotely 
sensed imagery and geographic information systems (GIS) are tools a manager 
can use to map and target areas that have the greatest need for knapweed 
suppression and areas that require protection from knapweed invasion. 
The objectives of this study were to evaluate the feasibility of using 
remote sensing for knapweed inventories and to use GIS to develop a 
potential knapweed habitat map for a major watershed at YTC. 
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Study Site 
Yakima Training Center is located 14 Ian northeast of the city of Yakima 
in eastern Washington (see Figure 1-1). The study was concentrated in the 
Selah watershed, which encompasses 23,167 ha in southern portion of the 
129,416 ha installation (Figure 1-1). It is primarily used for Army and 
National Guard training exercises , which consist of foot, motorized, 
mechanized , and armored infantry maneuvers . Live gunnery practice includes 
large-caliber tank, Bradley fighting vehicle, anti-tank missile firing , and 
mortar and howitzer gunnery (U.S. Army 1994). 
The watershed is dominated by two east-west running ridge lines, Yakima 
ridge to the south, and South Umtanum ridge to the north . Elevation ranges 
from 300 m at the bottom of the drainage to 1,256 m at the highest point on 
South Umtanum ridge. Upper Selah creek is an intermittent stream while the 
lower portion flows all year into the Yakima River to the west. The area 
receives 225 to 300 mm of annual precipitation , mostly in the fall and winter 
months . 
The native vegetation is dominated by bluebunch wheatgrass 
(Pseudoroegneria spicata) and Wyoming big sagebrush (Artemisia tridentata) 
on alluvial fans with well developed soils. On ridges and benches, the main 
plant species are Sandberg bluegrass (Poa secunda) and stiff sagebrush 
(Artemisia rigida). The typical invaders after disturbance are Russian thistle 
(Salsola iberica), diffuse knapweed, tumble mustard (Sisymbrium altissimum), 
burr buttercup (Rannunculus testiculatus), clasping pepperweed (Lepidium 
perfoliatum) , and downy brome (Bromus tectorum). 
Experimental Design 
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Knapweed populations within the watershed were surveyed by driving and 
walking through most of the watershed. A general knapweed distribution 
map was created from the information generated from this survey. 
Additionally , aerial infrared photography (1 :24,000) was used to target 
potential knapweed populations that were later field verified. 
To determine if knapweed could be located with Thematic Mapper (TM) 
imagery , two images were acquired for June 19, 1993, and August 6, 1993. 
The August image had been spatially referenced by the U.S. Army 
Construction Engineering Research Laboratories to standard 1:24,000 
quadrangles for the site . The June image was spatially referenced through an 
image-to-image rectification process using 30 ground control points with the 
August image as the base map. 
Both TM images were corrected for radiometric and topographic 
attenuation (ERDAS 1994). A regression line method was used to correct for 
atmospheric haze (Appendix B, Chavez 1975, Jensen 1986). Topographic 
normalization was performed to reduce radiometric distortion due to 
topographic relief (Appendix B). Finally , the images were adjusted 
radiometrically, converting digital numbers to surface reflectance values . 
Band 3 (red) and band 4 (near-infrared) were used to calculate a 
normalized difference vegetation index (NDVI) using the following formula 
(ERDAS 1994, Campbell 1987, Jensen 1986): 
Infrared band - red band 
Infrared band + red band 
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June and August NDVI layers were added to the GIS database. Also included 
in this database were map layers of elevation, slope, aspect, soil depth, 
modeled rainfall amounts for 1993 (Appendix A), modeled average yearly 
minimum and maximum temperatures (Appendix A), and soil pH. 
Three sets of data collection sites were used to gather information about 
knapweed and its habitat. The first two sets of sites were Land Condition 
Trend-Analysis (LCTA) plots . Fifty-two LCTA plots were established in 
1989, and data were collected from 1989-1994 in accordance with standard 
LCTA procedures (Tazik and others 1992). Another 20 LCTA plots were 
established in 1992 using the same methods. An additional 18 data collection 
sites were selected to increase the coverage of knapweed data across the 
watershed. 
The data matrix was compiled using knapweed absence or presence data, 
density data, and the data contained in each GIS layer at each of the 90 sites. 
A t-test was used to evaluate if knapweed-infested sites differed significantly 
from knapweed-free sites. A correlation matrix was calculated between all 
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GIS layers to examine multicollinearity. Finally, all GIS layers (variables ) 
were analyzed with logistic regression procedures (Hintze 1995) to derive a 
multivariate model that would predict absence or presence of knapweed . The 
basic form of the logistic model is as follows: 
1 
Prob (Y=y) 
1 1 +Exp ( - (P +p *X +p *X +···~ *X )) 
0 11 22 pp 
where ~ o-p are the regression coefficients , Xo-P are the environmental variables , 
and Prob (Y =y 1) is the probability that knapweed is present. The resulting 
models were assessed on the basis of x2 scores, as well as percent of overall 
correctness _ After the logistic model was executed in the GIS environment , 
the resulting map of potential knapweed habitat was tested against the 
knapweed absence or presence data. All statistics were based on an alpha 
level of 0.10. 
Results 
Three levels of knapweed infestation were derived from the survey of the 
Selah watershed: no knapweed, sparse knapweed patches, and dense 
knapweed patches (Figure 3-1). Dense patches of knapweed covered 3,376 
ha (15%) of the center of the watershed. Patches of knapweed ranged in size 
from lm 2 to 25 m2• Density in these patches varied (1-7 per m2) but was 
usually greater than 1 plant per m2• The heaviest concentrations of knapweed 
Legend 
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Figure 3-1. Survey map of the Selah watershed showing three levels of k:napweed infestation. 
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were found where disturbance was a recurring event, such as along roads, 
trails , drainages , military bivouac sites, and drop zones. Knapweed plants 
growing in these disturbed areas were generally larger in stature and greater in 
reproductive ability than knapweed plants on less disturbed sites. 
The sparsely knapweed-infested area covered 7,464 ha or about 32 % of 
the watershed. Knapweed patches were more scattered than in the heavily 
infested area, and knapweed density was usually less than 1 plant per m2• As 
with the heavily infested area, the main concentration of knapweed was along 
roads, trails, drainages, and military target areas. The remainder of the 
watershed (12,327 ha) had no knapweed . Sites without knapweed included 
north-facing aspects with greater than 20% slopes, strongly alkaline/poorly 
drained soils , and soils with a depth less than 30 cm. Exceptions existed 
where a few plants were growing along road shoulders and drainage bottoms. 
All knapweed-infested sites had lower NDVI mean values than the rest of 
the image for both June and August (Table 3-1). Higher infestation sites (> 1 
m2) , had lower NDVI mean values than the rest of the image in June, but 
higher NDVI mean values in August. There was a significant difference 
between the mean NDVI values of knapweed-infested sites and knapweed-free 
areas (Table 3-2). 
The x2 values for the GIS layers showed that many variables were 
significant in predicting potential knapweed habitat (Table 3-3). Two layers, 
aspect and soil pH, were further divided to increase the effectiveness of the 
Table 3-1. Normalized difference vegetation index (NDVI) means (x) and 
standard deviations for June and August images for all knapweed plots and 
plots separated by knapweed density. 
June image NDVI (excluding knap. sites) 
August image NDVI (excl. knap. sites) 
All knapweed plots June 
All knapweed plots August 
Knapweed plots with < lm 2 June 
Knapweed plots with > lm 2 June 
Knapweed plots with < lm 2 August 
Knapweed plots with > lm 2 August 
N 
> 1000 
> 1000 
36 
36 
22 
14 
22 
14 
x ± SD 
1.339±0.105 
1.213±0.063 
1.316±0.083 
1.199±0.043 
1.318±0.054 
1.288±0.066 
1.196±0.030 
1.250±0.039 
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Table 3-2. Standardized t-test for knapweed plot NDVI means versus image 
NDVI means (excluding knapweed plots). 
t-test 
June image vs. all June knapweed plots 
August image vs. all August knapweed plots 
June image vs. low denisty ( < lm 2) knapweed plots 
August image vs. low density ( < lm 2) knapweed plots 
June image vs. high density (> lm 2) knapweed plots 
August image vs. high density (> lm 2) knapweed plots 
t-score 
1.620* 
1.882** 
1.753** 
2.090** 
2.841 ** 
3.487** 
** = significance at oc = 0.10 level, * = significance at oc = 0.15 level 
Table 3-3. x2 values and P-values generated from the logistic regression 
model for all GIS layers. 
Layers/Variables X2 Values P-Values 
Slope 12.26* .000462 
Elevation 12.48* .000411 
Aspect 3.79* .051484 
North 6.37* .011623 
Northwest 1.23 .268115 
Southwest 4.05* .044292 
South .18 .668746 
Southeast 11.47* .000707 
East .91 .338822 
Soil Depth 3.83* .050278 
Soil pH 1.89 .169701 
Basic 2.74* .097753 
Slightly Alkali .45 .504711 
Moderatly Alkali 4.83* .027896 
Strongly Alkali 2.72* .099283 
June NOVI (from TM imagery) 3.57* .058691 
August NOVI (from TM imagery) 1.47 .224817 
Rainfall 1993 12.45* .000418 
Average yearly low temperature 12.55* .000396 
Average yearly high temperature 22.38* .000002 
* =· significant at ex =0.10 level. 
40 
logistic model in predicting knapweed habitat. West and northeast aspects 
were deleted from the aspect layer because no data collection sites were 
located on these aspects. The logistic model used to predict knapweed 
presence or absence had a x2 of 34.76, and correctly classified 59 out of 72 
data training sites (Table 3-4). The regression coefficients (Table 3-4) and 
seven map layers were used to create the spatially oriented potential 
knapweed habitat map (Figure 3-2). Sixty percent (13,898 ha) of the Selah 
watershed has potential for knapweed infestation. The overall accuracy for 
the potential knapweed habitat map is 66.67% (Figure 3-3). 
Discussion 
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The best method for inventorying knapweed populations still involves the 
use of ground surveys (walking and driving the area). Color-infrared aerial 
photos have shown some promise in weed mapping (Everitt and others 1987, 
Lacey 1991). Knapweed patches were identified in the 1993 color-infrared 
aerial photos (scale 1 :24,000) of the Selah drainage. However, other 
disturbance species such as tumble mustard were often mistaken for 
knapweed. An increase in spatial resolution to 1: 1320, as suggested by Lacey 
(1991), may increase the chance of accurately mapping knapweed from aerial 
photos. 
Mapping knapweed populations with TM imagery data was not possible. 
The small patches did not register on the TM imagery, which has a 
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Table 3-4. Statistical analysis for logistic regression model with GIS layers to 
predict potential knapweed habitat. 
Parameter Estimation Section 
Regression 
Variable Coefficient 
Intercept 8.811207 
Elevation -4.885356E-04 
Slope -0.1266486 
Soil Depth 1.21856 
June NDVI -9.081721 
North aspect -2.120576 
South-east aspect 1.263092 
Slightly Alkali -0.2343033 
Model Summary Section 
Model Model Model 
Prob 
0.000012 
D.F. Chi-Square 
7 34 .76 
Classification Table 
Predicted 
Actual 0 
0 Count 30.00 
Row Percent 81.08 
Column Percent 83.33 
1 Count 6.00 
Row Percent 17.14 
Column Percent 16.67 
Total Count 36.00 
Row Per cent 50.00 
Column Percent 100.00 
Percent Correctly Classified=81.94 
Standard Chi-Square 
Error Beta=O 
4.768754 3.41 
3.364023E-03 0.02 
6.370389E-02 3.95 
0.48247466.38 
4.5009384.07 
1.0896543 .79 
0.78832112.57 
0.7105850.11 
1 Total 
7.00 37.00 
18.92 100.00 
19.44 51.39 
29.00 35.00 
82.86 100.00 
80.56 48.61 
36.00 72.00 
50.00 
100.00 
Proo 
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Qili::16:16 
0.884534 
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Figure 3-2. Selah watershed and the potential knapweecl habitat map based on the logistic model . 
Predicted 
·Actual 
No Habitat Habitat Total 
No Habitat 25 23 48 
Habitat 7 35 42 
Total 32 58 90 
78% 60% 67% 
correctly correctly Overall 
classified as classified as Accuracy 
No Habitat Habitat 
Figure 3-3. Classification accuracy table for potential knapweed 
habitat map layer. 
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30 m x 30 m pixel size. Although the means for lmapweed-infested sites 
were significantly different from the lmapweed-free sites, there was enough 
overlap to prevent identification of lmapweed- dominated sites (Figure 3-4). 
Defining lmapweed habitat through the use of TM data does show promise, 
since the means are significantly different. Knapweed is still relatively green 
in late July and August when grasses have dried out. The pattern should be 
one where lmapweed-infested sites would decrease in NDVI values less than 
other areas between June and August images, especially those areas 
dominated by grasses. Comparison of the two images showed such a pattern 
only when looking at sites that had a high density of lmapweed (> 1 per m2). 
The sparse lmapweed sites may have been mixed with grasses, which 
confounded the mean NDVI value. 
The logistic model used to create the potential lmapweed habitat map from 
the GIS layers was chosen because of its high X2 and high percentage of 
overall accuracy . To avoid confounding between variables, elevation, slope, 
and aspect could not be used in the same model with 1993 rainfall amounts 
and average yearly minimum and maximum temperatures, since these layers 
were modeled using elevation, slope, and aspect (Appendix A). Average 
yearly maximum temperature, with an extremely high x2 value when 
combined with other variables, still resulted in models with low x2 values 
and lower accuracy. 
A comparison of the lmapweed inventory map and the potential 
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Figure 3-4. Scatter box diagrams showing distribution of NDVI values for June and August of knapweed-free sites versus 
knapweed infested sites. Horizontal lines indicate knapweed-infested sites range of NDVI values at 90%. 
47 
knapweed habitat map showed that of the total 13,908 ha of potential 
knapweed habitat, 9,458 ha (68%) have some degree of knapweed infestation. 
The heavier infestation area occupied only 2,946 ha (21 %) of the total 
potential knapweed habitat. Clearly, knapweed infestation within the Selah 
watershed is not at full potential. The comparison also points out that 
knapweed densities are highest in areas where military training areas are 
located within the Selah drainage. 
Because the watershed is not 100 % infested, the type I errors bring the 
overall accuracy down to 66.67% (Table 3-5). Type I errors indicate where 
knapweed was predicted but was not present. Type II errors were less 
significant. Only 7 of 42 plots with knapweed (16.67%) were predicted to be 
unsuitable knapweed habitat. Of the 7 knapweed plots that fall into a type II 
error, only 2 had knapweed densities greater than .04 plants per m2, 
suggesting that these plots may lie in areas that are very marginal for 
knapweed success. 
Conclusion 
This study has shown that TM imagery alone could not be used to map 
knapweed. However, a potential habitat map could be created with the use 
of TM and ancillary GIS data layers and logistic regression. The Selah 
watershed at YTC has an extensive population of knapweed, yet there is 
potential habitat that is not presently occupied. The potential for diffuse 
knapweed to increase is high. Effective weed control begins early in the 
invasion process. If small populations are ignored, there is high potential for 
rapid spread. The earlier a weed problem is detected and controlled, the 
fewer resources will be required to achieve the desired outcome (Hobbs and 
Humphries 1995). Thus, timely, effective, frequent surveys of the area are 
required to recognize nascent populations and increases or decreases of 
existing knapweed stands, and to evaluate past knapweed management. 
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The potential knapweed habitat map can focus management objectives on 
certain areas. Measures can be taken to decrease knapweed-infested areas such 
as roads and other disturbances . Areas that have high potential for knapweed 
but at present are knapweed free could be areas that are surveyed often to 
check for knapweed infestations. These knapweed-free areas can also become 
target areas for management , which would prevent invasion by knapweed by 
decreasing off road vehicle use, frequently checking vehicles for knapweed 
seeds, etc. Fewer resources spent on areas where knapweed has little potential 
for invasion will increase the resources that can be used on areas with more 
knapweed invasion potential. 
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Chapter 4 
SYNTHESIS 
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There were three objectives to this study in the Selah watershed at Yakima 
Training Center (YTC): 1) characterize the ecological amplitude of diffuse 
lmapweed, 2) develop an inventory of the existing diffuse lmapweed stands, 
and 3) map potential diffuse lmapweed habitat. All are important foundations 
for supporting management schemes to control and reduce the spread of 
lmapweed at YTC. 
Several environmental variables influenced the ecological amplitude of 
diffuse knapweed . Disturbance, a main factor that contributes to knapweed 
spread, was not treated directly. However , several factors that were a 
measurement of disturbance, i.e., percentage bare ground and percentage 
slope, were highly correlated with knapweed presence or absence. Abiotic 
variables such as soil pH and soil depth showed an effect on the density of 
knapweed when it was present. 
Vehicle disturbance stands out above other disturbances (i.e., fire, 
livestock grazing) as being critical to the spread of knapweed. Not only do 
the roads and trails provide excellent knapweed habitat, they also provide 
routes for the spread of knapweed. Any management plan that focuses on 
knapweed control must provide some treatment for roads and road shoulders 
or the plan will fail. 
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Areas with deep soils and gentle slopes are also critical to a knapweed 
management plan. These areas are readily invaded by knapweed, and support 
denser populations of knapweed than other areas. The high frequency of 
these types (deep soils and gentle slopes) of areas also being used as 
maneuver corridors for military vehicles makes them more susceptible to 
knapweed invasion . 
As this study has shown, satellite imagery alone is not adequate to detect 
small populations of knapweed. Aerial photography may also have limitations 
as a survey tool, but would have a greater chance in detection of growing or 
shrinking knapweed patches at finer resolutions of 1:1200. Walking or 
driving the area is still the best way of accurately identifying nascent 
populations in areas where knapweed is mostly non-existent. 
The survey map generated through this study is general, yet contains 
valuable information about the status of knapweed in the Selah drainage. 
Over three fourths of the Selah watershed had some infestation of knapweed. 
However, the most dense knapweed patches were limited to a small portion of 
that total infested area . The comparison between the survey map and the 
potential knapweed map showed that just over one half of the potential habitat 
is infested with knapweed at present, suggesting further knapweed expansion 
could occur. 
Satellite imagery may prove valuable in monitoring larger knapweed 
populations, or in creating a more time-oriented potential knapweed habitat 
map. But for this to occur, more analysis will need to be done to define 
lmapweed dynamics and the imagery. A comparison between June and 
August 1993 images may show that knapweed-infested areas have less of a 
difference in normalized difference vegetation index (NDVI) values than 
grasslands or grass/shrub lands. More emphasis should be placed on more 
established areas of knapweed where the populations are denser and larger 
than nascent populations. 
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The June NDVI values were the only time element in the logistic model 
that was developed to produce the knapweed potential habitat map . All other 
variables used in the logistic model were timeless (i.e., would remain the 
same year after year). It may be beneficial to build different logistic models 
using the same variables, but change the imagery to different years. A 
comparison between these models may show areas that remain fairly constant 
for knapweed habitat while other areas may shift between knapweed habitat 
and knapweed-free habitat. Identification of these shifting patterns may 
identify larger precipitation or disturbance patterns . 
There are also other watersheds on YTC that have potential knapweed 
habitat. These areas will eventually require an initial survey and a knapweed 
monitoring program. The potential lmapweed habitat model can be adjusted 
to create potential habitat maps for these areas. 
The general survey map can act as a guide for setting up a management 
plan. Each area represents a different lmapweed management focus. The 
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central area of the Selah watershed with dense patches of lmapweed may 
require more resources for control. These areas have potential for biological 
control with insect predators since patches are fairly close together and 
extensive . Herbicide applications would need to be focused on all roads and 
most trails since a large portion of lmapweed exists there. Large application 
of herbicides through aerial spraying would also be used in this area . 
Management plans might include limiting off-road use, especially at certain 
critical times of the year (i.e., after seed set), and checking vehicles frequently 
as they leave lmapweed-infested areas in order to remove lmapweed flowering 
stalks caught on the vehicles . 
The areas characterized by less dense and less frequent patches of 
lmapweed would have a different management emphasis . Biological control 
would probably fail in these areas because of distance between plants is too 
great. Chemical treatments would be limited to roads and heavily used trails . 
Management schemes would rely more on limiting disturbance as much as 
possible, reducing the dissemination of lmapweed seed into the area, and 
surveying and controlling nascent populations. 
In lmapweed-free areas, resources would be used for surveying, and then 
for small chemical or mechanical (i.e., hand pulling) control methods for new 
lmapweed populations . Chemical treatment for main roads may also be 
considered in the management plan. 
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APPENDICES 
APPENDIX A 
GENERATING MAP LAYERS OF AVERAGE PRECIPITATION, 
AVERAGE MINIMUM TEMPERATURE AND 
AVERAGE MAXIMUM TEMPERATURE 
Introduction 
To analyze whether rainfall and/or temperature have a role in the 
distribution of knapweed across the Selah watershed, several map layers 
needed to be generated . These layers are 1989-1994 precipitation layers, and 
average minimum and maximum temperatures. The precipitation layers were 
divided by year because of the extreme variability in precipitation patterns 
from year to year. 
56 
Yakima Training Center (YTC) has maintained weather stations across the 
installation (Figure A-1). In 1985, twelve rain gauges were installed close to 
sediment retention ponds. These data were used to form an average yearly 
rainfall amount for each pond. Additionally, seven weather stations were 
installed from 1987-1989, which supplied the data for minimum and 
maximum temperatures. Differentially corrected Universal Transverse 
Mercator (UTM) coordinates were determined for each pond and weather 
station using a global positioning system . The collected coordinates were 
used to query the data layers in the geographical information system (GIS) to 
determine elevation, slope, and aspect. These data were later field verified. 
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Figure A-1. Yakima Training Center surface drainages with general locations ofrain 
gauges and weather stations. (Adapted from U.S. Anny, 1994) 
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Precipitation layers 
A multiple regression was run on the precipitation data collected from the 
rain gauges. The data were analyzed from October to June, the months that 
provide precipitation that is used by most vegetation . Long term weather data 
showed that 90.65 % of the rainfall occurs between October and June. Since 
the study was focusing on diffuse knapweed , the three months which did not 
contribute much to plant growth were left out of the data base. 
Each year was figured separately to compliment the study with knapweed. 
Thus, six layers of rainfall amounts were generated. The data were checked 
for normality and outliers . Those rain gauges which had incomplete or 
incorrect data were removed from the data base. 
A multiple regression was run using SYSTAT (Table A-1). The 
dependent variable was October-June precipitation amounts for each rain 
gauge. The independent variables were position (easting and northing) , 
elevation, and slope. Easting and northing data were transformed by 
subtracting a constant to increase the coefficient to a usable number. Aspect 
was also available but was not used. Although, aspect does affect the amount 
of active precipitation available to plants, the regression model did not reflect 
this. The rain gauges may not have been sensitive to aspect effects . 
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Table A-1. Statistics generated from SYSTAT using the rain gauge data 
collected from 1989-1994. 
1989 
N=lO R2=0.839 St. Error= 0.61316 
Coefficients 
Constant 1.131726259 
Altitude = 0.007814618 
Slope = 0.053635537 
Easting = -0.000008476 
Northing = -0.000027826 
Analysis of Variance 
Source Sum-of-Squ DF Mean-Square F-Ratio p 
Regression 9.812984 4 2.43246 6.52519 0.032106 
Residual 1.879825 5 0.37597 
1990 
N=lO R2=0.729 St. Error = 1.027258364 
Coefficients 
Constant = -2.226885300 
Altitude = 0.008744904 
Slope = 0.079981167 
Easting = -0.000052581 
Northing = 0.000020830 
Analysis of Variance 
Source Sum-of-Squ DF Mean-Square F-Ratio p 
Regression 14.1901 4 3.54753 3.36176 0.10795 
Residual 5.276299 5 1.05526 
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1991 
N=lO R2=0.672 St. Error= .408435045 
Coefficients 
Constant = 3.222992208 
Altitude = 0.002831455 
Slope = 0.017869936 
Easting = 0.000001605 
Northing = -0.000019455 
Analysis of Variance 
Source Sum-of-Squ DF Mean-Square F-Ratio p 
Regression 1.70770 4 0.42693 2.55921 0.1653 
Residual 0.83410 5 0.16682 
1992 
N=lO R2=0.920 St. Error= 0.408635367 
Coefficients 
Constant = 0.936837477 
Altitude = 0.006369782 
Slope = 0.003208238 
Easting = 0.000027560 
Northing = -0.000023512 
Analysis of Variance 
Source Sum-of-Squ DF Mean-Square F-Ratio p 
Regression 9.54145 4 2.38536 14.2851 0.00606 
Residual 0.83491 5 0.16698 
1993 
N=lO R2=0.815 St. Error = 0.876237748 
Coefficients 
Constant = -0.801671323 
Altitude = 0.010863174 
Slope = 0.025971171 
Easting = 0.000012466 
Northing = -0.010863174 
Analysis of Variance 
Source Sum-of-Squ DF Mean-Square F-Ratio p 
Regression 16.8764 4 4.21910 5.49511 0.044896 
Residual 3.8389 5 0.76779 
1994 
N=lO R2=0.969 St. Error= 0.311211035 
Coefficients 
Constant 
Altitude 
Slope 
Easting 
Northing 
Source 
Regression 
Residual 
= 
= 
= 
= 
= 
Sum-of-Squ 
7.523228 
0.484262 
-0.532221667 
0.006087984 
-0.027402274 
0.000011050 
-0 .000025162 
Analysis of Variance 
DF Mean-Square 
4 1.88081 
5 0.09685 
F-Ratio 
19.4193 
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p 
0.003012 
The following was the model used to generate the map layers using Model 
Maker in ERDAS Imagine. Each model used the particular coefficient for 
that year, but GIS layers remained constant through all six generated map 
layers. 
Pixel value = C+(El*Ec)+(Sl *Sc)+((Eal-698000)*Eac)+((Nl-5159000)*Nc) 
Where: 
C = Constant coefficient 
El = Elevation map layer 
Ee = Elevation coefficient 
SI = Slope map layer 
Sc = Slope coefficient 
Eal = Easting map layer 
Eac = Easting coefficient 
NI = Northing map layer 
N c = Northing coefficient 
Following the generation of the precipitation layers, precipitation amounts 
were identified for each LCT A plot. The chaotic nature of weather patterns 
forced the models to be variable from year to year. The model worked 
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adequately, since the purpose of this exercise was to model past precipitation 
amounts, and not to predict future amounts. To verify the model , the 
precipitation amounts were compared to the vegetation cover generated from 
the LCT A data. Assuming that the vegetation cover increases with increased 
rainfall amounts and decreases with a decrease in rainfall, the model generally 
reflects this pattern (Figure A-2) . 
Yearly minimum and maximum average temperatures 
The same procedures for developing the precipitation layers were followed 
to develop the average maximum and minimum temperatures. The data 
collected from the weather stations had missing data for some time periods . 
The data that was available could only support over-all average minimum and 
maximum temperature map layers. 
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Figure A-2. An example of the precipitation amounts generated from the model 
versus the vegetation cover from the LCT A data. 
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To construct the average minimum temperature layer, a single regression 
was run with minimum temperature as the dependent variable and elevation as 
the independent variable (Table A-2) . 
Table A-2. Statistics generated from SYSTAT using the weather station data 
from 1989-1994. 
Average Minimum Temperature 
N=6 R2=0.921 St. Error= 1.089496942 
Coefficients 
Constant 
Altitude 
Source 
Regression 
Residual 
Sum-of-Squ 
55.0807 
4.7480 
52.2079 
-0.015460094 
Analysis of Variance 
DF Mean-Square 
1 55.0807 
4 1.18700 
F-Ratio 
46.4032 
The model constructed in ERDAS Imagine is as follows : 
pixel value = C+(El*Ec) 
Where 
C = Constant coefficient 
El = Elevation map layer 
Ee = Elevation coefficient 
p 
.002427 
The maximum temperature model used the average maximum temperature 
as the dependent variable and northing, elevation, and aspect as the 
independent variable in the multiple regression (Table A-3). 
Table A-3. Statistics generated from SYSTAT using the maximum 
temperature data collected from the weather stations 1989-1994. 
Average Maximum Temperature 
N=6 R2=0.952 St. Error = 1.195099839 
Coefficients 
Constant 
Altitude 
Northing 
Aspect 
Source 
p 
Regression 
Residual 
= 
73.0893 
-0.015835342 
-0.000148909 
0.014287875 
Analysis of Variance 
Sum-of-Squ DF Mean-Square 
56.2844 
2.8565 
3 
2 
18.7615 
1.4283 
F-Ratio 
13.1359 0.071568 
The model constructed in ERADAS Imagine is as follows: 
pixel value = C+(El*Ec)+((Nl-5159000)*Nc)+(Al* Ac) 
Where: 
C = Constant coefficients 
El = Elevation map layer 
Ee = Elevation coefficient 
Nl = Northing map layer 
Ne = Northing coefficient 
Al = Aspect map layer 
Ac = Aspect coefficient 
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Unlike the precipitation data there is not an easy way of checking the 
validity of the generated average temperature layers. The standard error value 
on both maximum and minimum temperatures is a moderate 1. The R2 is 
relatively high for both. , which seems to suggest that the generated layers are 
reasonable. 
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APPENDIX B 
PREPROCESSING OF JUNE AND AUGUST TM IMAGERY 
Errors inherent in Thematic Mapper (TM) imagery data require that the 
images be adjusted before analysis can occur. Two types of correction were 
applied, geometric and radiometric . Geometric errors were corrected by 
referencing the August image to 1 :24,000 quadrangles of the area. The June 
image was registered through an image to image process using the August 
image as a base . Thirty ground control points were located on both images to 
serve as reference points for the transformation matrix. Both images were 
referenced to Universal Transverse Mercator (UTM) grid map coordinates. 
Atmospheric correction was performed by using a regression line method 
(Chavez 1975, Jensen 1986). The appropriate bias was determined for each 
band and subtracted from the image data. The following biases were 
determined and used for atmospheric adjustment of the two images. 
June August 
Band Bias Band Bias 
1 23.9562 1 2.6233 
2 11.1722 2 1.8500 
3 6.75540 3 1.9294 
4 5.91200 4 1.2800 
5 0.49476 5 0.00 
7 0.00 7 0.00 
Topographic normalization corrects for differences in illumination due to 
the angle of the sun and the topographic angles. This process tries to flatten 
out the image by removing reflectance differences due to rough terrain. A 
non-lambertian model was used (ERDAS 1994). The normalization model 
uses solar elevation and azimuth at time of acquisition of the images. The 
June 1993 sun elevation was 58, and azimuth was 127. The August image's 
sun elevation was 51, and the sun azimuth was 132. 
When comparing the two images, the digital numbers (DN) must be 
converted to surface reflectance values. For more information see Holm et 
al. (1987), Moran et al. (1992), Van Neil (1995), and EOSAT (1986) . The 
following equation was used for converting DN to reflectance values : 
Where , 
R 
7t 
Lmin 
Lmax 
(Lmax- Lmin) (Lmin+((----- *Ocal )) Qcalmax 
R = [1t * ----------- ] * 100 (SA*2*1t) (E*COS (- -36-0-)) 
= 
= 
= 
= 
Reflectance in percent 
3.141592654 
Bias in mW/cm2*ster*µm 
Qcalmax = 
Gain in m W/cm2*ster* µm 
Maximum possible DN value (255) 
DN Qcal 
E 
SA 
= 
= 
= 
Solar exoatmospheric irradiance from table 5, 
EOSA T technical notes. 
Solar zenith angle 
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Lmin and Lmax, or gains and bias, are included in the header file for 
each image. The bias and gains are in mW/cm2*ster, and for the above 
equation need to be converted to mW/cm2*ster*µm. The equation for this 
conversion is as follows: 
Where GorB 
BWn 
Ln 
GorB 
Ln=--
BWn 
the gains or bias' to be converted 
Nominal band width in µm 
Gains or bias' in mW/cm2*ster*µm 
The conversions for the June and August images are as follows: 
June 
Band 
1 
2 
3 
4 
5 
7 
Gain 
15.0806 
37.1943 
27.2195 
20.9991 
3.4228 
1.5748 
Bias 
-0.1136 
-0.1639 
-0.1822 
-0.1645 
-.0203 
-0.0111 
August 
Gain 
15.0779 
32.5534 
27.2160 
20.9961 
3.4224 
1.5750 
Bias 
-0.1121 
-0.2051 
-0.2015 
-0.1688 
-0.0209 
-0.0116 
The equations used to adjust the images to spectral reflectance are as 
follows: 
June 
Band 1: [1t*((-.1136+(((15.0809+.1136)/255) *xl))/ 
( 195.7*COS((58*2*1t )/360))] * 100 
Band 2: [1t*((-.1639+(((37.1943+ .1639)/255)*x2))/ 
( 182.9*COS((58*2*1t )/360) )] * 100 
Band 3: [1t*((-.1822+(((27.2195+.1822)/255)*x3))/ 
( 155. 7*COS((58*2*1t )/360))] * 100 
Band 4: [1t*((-.1645+(((20.9991+.1645)/255)*x4))/ 
(104.7*COS((58*2*1t)/360))]*100 
Band 5: [1t*((-.0203+(((3 .4228+.0203)/255)*x5))/ 
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(21.93 *COS((58*2 *n )/360))] * 100 
Band 7: [n*((-.0111 +(((1.5748+.011 l)/255)*x7))/ 
(7.452*COS((58*2*n )/360))]* 100 
August 
Band 1: [rc*((-.1121 +(((15.779+ .1121)/255)*xl))/ 
(195.7*COS((51 *2*rc)/360))]*100 
Band 2: [rc*((-.2051 +(((32.5534+.2051)/255)*x2))/ 
(182.9*COS((51 *2*rc)/360))]*100 
Band 3: [rc*((-.2015+(((27.2160+.2015)/255)*x3))/ 
(155.7*COS((51 *2*rc)/360))]*100 
Band 4: [rc*((-.1688+(((20.9961+.1688)/255)*x4))/ 
(104.7*COS((51 *2*rc)/360))]*100 
Band 5: [rc*((-.0209+(((3.4224+.0209)/255)*x5))/ 
(21.93*COS((51 *2*rc)/360))]*100 
Band 7: [ re *((-.0116+(((1.5751 + .0116)/255)*x7))/ 
(7.452*COS((51 *2*rc)/360))]*100 
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